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Abstract relation to sequence database coverage, database dynamics

Motivation: Large-scale genome projects generate a rapidijand database search methods is analysed, demonstrating the
increasing number of sequences, most of them biochemicalijerent advantages of an integrated automatic approach
uncharacterized. Research in bioinformatics contributes t§Sing multiple databases and search methods applied in an
the development of methods for the computational charagbjective and repeatable manner _ _

terization of these sequences. However, the installation arftyailability: The GeneQuiz system is publicly available for
application of these methods require experience and are tind@alysis of protein sequences through a Web server at
consuming http://www.sander.ebi.ac.uk/ggsrv/submit

Results:We present here an automatic system for prelimiContact: sander@mpi.com _

nary functional annotation of protein sequences that haSupplementary information:http://www.sander.ebi.ac.uk/
been applied to the analysis of sets of sequences frd¥gnequiz/

complete genomes, both to refine overall performance and to

make new discoveries comparable to those made by hunatroduction

experts. The GeneQuiz system includes a Web-based . .
browser that allows examination of the evidence leading ?Eunctlonal analyses of protein sequences can now be per-
an automatic annotation and offers additional information,'med on a computer using a variety of software tools that

views of the results, and links to biological databases thﬁ"olwttze user to eng"tt tge blocEemlcaI knlow:ﬁdge aCICL:.'
complement the automatic analysis. System structure al ated in sequence databases. ~or example, the correlation

operating principles concerning the use of multiple sequen sequence S|m|Ia_r|ty with s_|m|Iar|ty of function prowdes_ a
databases, underlying sequence analysis tools, lexic 5|s_for transfernng functlonal knowledge from a bio-
analyses of database annotations and decision criteria f _emlcaIIy charat_:terlzed pro_telntoahomologous, but other—_
functional assignments are detailed. The system mak¥ euncharacter!zed one. th_anaprotem sequence, analy_5|s
automatic quality assessments of results based on pri the conservation patterns in the cqrrespondlng protein
experience with the underlying sequence analysis tool ’mlly can allow the association of regions of the sequence

overall error rates in functional assignment are estimated Polg of individual residues with structural or functional motifs

2 5_50% for nnotated with hiahest reliability (‘cl r,and may even allow the construction ofathree_:—dimensi(_)nal
5—-5% for cases annotated ghest reliability (clea 3D) model by homology to a known structure in the family.

cases). Sources of over-interpretation of results are di ; - X o

cussed with proposals for improvement. A conservati uch theoretically obtained functional and structural insights

definition for reporting ‘new findings’ that takes account of Nay be used to dlrept the comparatl\{ely much more Iengt'hy,
gllﬁlcult and expensive experimentation on the real protein.

database maturity is presented along with examples .
possible kinds of discoveries (new function, family an A.IthOUQ.h these methods are available to th_e researcher,
ir application can be cumbersome for various reasons.

superfamily) made by the system. System performanceﬁlrSn computer programs may be difficult to install and

maintain. Some of them require the combined installation of

huge nucleotide and protein databases that currently contain
*Send correspondence to C.Sander, Whitehead Institute, MIT  hundreds of thousands of sequences requiring gigabytes of
Center for Genome Research, Cambridge, MA 02139, USA disk storage space. The installation and maintenance of such
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programs and/or databases require suitably powerful com-A high degree of automation is required to cope with the
puter hardware as well as special skills, so that the effort mayalysis of the huge number of sequences generated by ge-
be disproportionate for an experimental group working on @ome sequencing projects, and to ensure consistent and re-
small number of proteins. Fortunately, for small requireproducible results, freeing the expert user to verify and refine
ments, some of these tools are available for interactive (Wéese analyses and to follow up new discoveries. Another
server) or semi-interactive (Web or mail server) use over trgvantage of a high-throughput system is that, because the
Internet. However, the user will be constrained by the varieghalysis of a genome is not yet a stable problem, it must be
of software available in this manner, as well as by the choideriodically repeated to utilize the constantly increasing in-
of databases or even program parameters provided by diymation held in biological databases. '
service, and by the limiting turnaround time of the remote Insummary, the GeneQuiz system may be viewed as a pro-
service or the speed of Internet access. tein sequence analygls workbench with the primary goal of
Even if access to appropriate software and databasesidomatic functional inference, and a secondary goal of pres-
available, a second major difficulty is the need for speciali@ntation of supporting information abstracted from the dif-

skills in using these programs effectively, both through th rgnt squeﬂce gnalyses.d' | ¢ individual .
appropriate choice of controlling parameter settings and in G€NeQUIZ has been used in analyses of individual proteins

evaluating the significance of the results. This expert knowf’-‘nd of complete genomesaemophilus influenzaiCasari

: [, 1995b) Mycoplasma genitaliurRd (Ouzouni%t al,
edge can only be acquired through repeated use of the to a ;
often comparing and combining results from severd 96b), Methanacoccus jannasch@ndradeet al, 1997)

methods. Aqain. a researcher interested onlv in a smél d others (see the Web site at http://www.sander.ebi.ac.uk/
- Again, . only genequiz/). The extensive experience thus obtained with
number of proteins may not have this experience.

if is int tod | vsi i ber of GeneQuiz has been fed back into improvements to the sys-
h a gtrogp '3 interested in anfa ySIrt]r? a}grea nulm €I O URam and the addition of new features.
characterized sequences, as from the large-scalé SEqQUENCIng o |5test improvements have mainly focused on those

projects, then installation of the programs and databases gliths of the system concerned with reasoning about protein
investment in the necessary expertise are worthwhile, indegghction and on the user interface. The reasoning module
essential. However, a third problem arises, namely the agg,y includes a lexical analysis of the description fields of
plication of the methods and evaluation of the results for §aquences homologous to a given query sequence, that better
large number of sequences require a considerable amoungcriminates sequence annotations with functional content
computer and human expert time, as well as tight quality cofrom those without. A completely new browsing module dis-
trol to ensure a uniformity of application and interpretationg|ays the full analysis of a query sequence as a one-page hy-
Moreover, methods and databases improve over time apgrlinked report, offering, in particular, graphical views of
frequent re-analysis may bring new results. collated homologous fragments, sequence and structure mo-

A partial solution to these three problems, (i) flexible in+ifs, and predicted structural features aligned with the query.
stallation and maintenance of a set of methods and databaseFinally, sequence analysis using the GeneQuiz system has
(i) need for expertise in the use and evaluation of thmow been made available to the community through a World
methods and (jii) fast and uniform analysis of the results, wa&fide Web server. Protein sequences can be submitted for
addressed with the development of the first GeneQuiz syanalysis and the complete results may be browsed on the Web.
tem (Schartt al, 1994; Casaet al, 1996). This paper presents these developments in the context of a full

GeneQuiz is a semi-automated protein sequence analyggscription of the complete system. The performance of Gene-
system, the principal purpose of which is to infer a specifiQuiz is then evaluated with some examples, and the problems
and reliable functional assignment together with a broa@f this type of approach to function inference are discussed with
cellular role for a query protein by analysis of annotation§uggesti0ns for possible solutions. Finally, the implications of
from sequence database matches. The system also appli@stgmatic systems such as GeneQuiz in the field of genome
selected suite of analysis tools to the query sequence, in@1alysis and protein function annotation are discussed, again
grating the results into a coherent display to complement tifgggesting future directions for development.
functional assignments.

The GeneQuiz system is able to process large numbers of
sequences quickly and repeatably in a consistent manner, drfte GeneQuiz system
makes use of regularly updated combined sequence data-
bases. Thus, the system can be used for occasional analyses GeneQuiz system takes as input a protein sequence and
of a few query protein sequences, or it can be systematicafiyoduces as output a specific functional annotation and gen-
applied to the large numbers of open reading frames (ORFexjal functional class for this sequence. The user can browse
identified in a genome sequencing project. the results of the analysis and additional information that can
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Fig. 1. GeneQuiz modules and control flow. Boxes depict the four GeneQuiz modules, while cylinders represent data storageftiapets at |
raw sequences from the public databases, the query sequence for a single run, and links to external database annotOnpviaiisR
Web-browsable form is at the bottom. Stick figures indicate user interaction. An indication of the frequency of operativaraiuth
subsystems is given at right. NRDB, non-redundant database of protein sequences; SRS, Sequence Retrieval Systeah, (E226l

HTML, Hypertext Markup Language.

be used to confirm the automatic annotation or make newGQreason uses these results together with the original

deductions. database annotations in the form of keywords and sequence
GeneQuiz is composed of four modules: GQupdatalescriptions to assign, where possible, a specific function to

GQsearch, GQreason and GQbrowse, which are shownthre query by transfer of function from a homologue, a gen-

Figure1 and described in subsequent sections. The GQupral functional class for the homologues grouped as a family,

date module is responsible for maintaining integrated, up-t@énd a reliability estimate for the procedure.

date, non-redundant protein and nucleotide sequence dataFinally, GQbrowse allows the user to examine through a

bases derived from a compendium of public databases, b browser the derived conclusions, the evidence that led

well as databases of protein structures and motifs. Extensit@the functional annotation, graphical displays of alignments

use of these databases is made by the other modules. ~and 3D models, supplementary information from other tools,
A single GeneQuiz run is triggered by entry of a query@nd the original sequence analysis output, all with links to the

protein sequence into the system, either by a user sudxternal public sequence and motif databases via Sequence

mission, or as one of a batch of sequences, perhaps represBgtrieval System (SRS) (Etzadt al, 1996).

ing the protein set of a full genome. The GQsearch module

applies a variety of sequence analysis tools to the query $§uqule: GQupdate

guence, parsing, and storing the results in a common format

for subsequent processing stages. In particular, the queryiisorder to extract the utmost information from the various

screened against the non-redundant sequence databdsielgical databases, it is essential to have a complete and

using several standard database search programs and a mpHo-date collection of well-annotated database entries. The

tiple alignment is constructed. function of the GQupdate module is, therefore, to gather all
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Table 1. Databases managed by GQupdate (December 1997). Database sizes are given as the number of sequences

Content Database Release Date Size | NRDB size
Protein sequences SWISS-PROT! 34.0 10/96 59,021
SWISSnew! - - 27,112
PIR? 53.0 8/97 95,051
WormPep? 12 11/97 12,178 276,481
Inferred translations TREMBL! EMBL 8/97 265,695
of nucleotide sequences TREMBLnew! - - 42,017
GenPept* Genbank 10/97 262,153
GenPeptnew* - - 29,732
Nucleotide sequences EMBL?® 52 10/97 1,787,004
EMBLnew?® - ~ 187,343 1,331,154
Genbank? 103.0 10/97 1,093,244
Genbanknew? - - 61,783
Protein motifs Blocks® 9.3 3/97 3,417
PROSITE’ 14.0 11/97 1,167
Protein structures PDB? - 12/97 6,664

NRDB, non-redundant sequence database.
1Bairoch and Apweiler (19973Georgeet al (1997);3WormPep databankBensoret al (1997)5Stoesser
et al (1997);6Henikoff et al (1997);’Bairochet al (1997);8Abolaet al (1987).

new sequences or other entries as they appear in the pulliell as some purpose-built methods (TableThese range
databases and to merge these into the repository used bydlier detection of motifs and biased composition regions, se-
GeneQuiz engine. guence database searching, and prediction of secondary and
GQupdate operates as an autonomous module performitggtiary structural features. The system is extensible by the
database updates on a daily basis. It is driven by a config@addition of new methods, for example, we are experimenting
ation file containing the Internet addresses of databaséth new versions of sequence search methods [FASTAS3
servers and paths to target files thereon, which are used(Rearson, 1996) and PSI-BLAST (Altscletilal, 1997)].
pull new material by FTP from the remote sites. If a file Methods may be applied directly to the query sequence or
transfer and subsequent processing steps (optional reformi@iresults of previously applied methods. The collected re-
ting, database insertion) are successful, the updated versguits are then processed by the reasoning module GQreason
of the database is added to the GeneQuiz repository. to derive a functional characterization, and may be examined
In particular, when one of the protein or nucleotide seinteractively using the GQbrowse module.
guence databases is updated, a non-redundant databaJ#e set of methods is run against a query sequence in a
(NRDB) of protein or nucleotide sequences is regeneratgitedetermined order based on a configuration file specifying
using the ‘nrdb’ program from National Center for Biotech<i) dependencies between methods, (ii) command line argu-
nology Information (NCBI) (Gish, 1992) to filter exact repli- ments and simulated interactive input for each method, and
cates. The identifiers of redundant sequences from the cdjii) parsers to convert each method's output to Relational
tributing databases are retained, allowing later cross-refebatabase Management System (RDB) format. The latter is
encing to the original databases. a simple relational database format manipulable using the
Tablel shows the databases that are currently managed BYB tools (Hobbs, 1993). Single queries or batches of se-
GQupdate and their size (as number of sequences) at the tiquences (e.g. whole genome ORF sets) can be analysed, dis-
of writing. Note the large reductions for non-redundant protributing runs in parallel on multiprocessor UNIX nodes or
tein (down to 35%) and nucleotide (43%) database sizegistributed over a set of UNIX workstations.

leading to economy of storage and search times. The methods can be separated into three categories accord-
ing to their role in the GeneQuiz engirsequence filters
Module: GQsearch used to mask parts of the sequence that may adversely affect

the performance of sequence database search metbods;
This module performs the basic analyses of the query protgiarison methodsthat are applied to establish an automatic
sequence using mostly standard publicly available tools &snctional annotatiorsupport methodsthat are run on the
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Table 2. Sequence analysis tools used in GeneQuiz. These are grouped into sequence filters, used to pre-process
sequences before application of comparison methods, which screen a query against sequence databases to find candidate
homologues for function transfer, and support methods, which add extra sequence annotation for report generation

Description Method Reference

Sequence filters

Low complexity regions seg Wootton and Federhen (1996)
Amino acid biased regions biasdb Casari & Ouzounis (unpublished)

Comparison methods
Protein and nucleotide TBLASTN, BLASTP Altschul et al. (1990)
sequence database search TFASTA, FASTA Pearson and Lipman (1988)

Support methods

Repeat prediction repeats M. Vingron, DKFZ, Heidelberg
Coiled-coil prediction coils Lupas (1997)

Blocks motif search blimps Henikoff et al. (1997)
PROSITE motif search prosearch Bairoch et al. (1997)

Multiple sequence alignment MaxHom Sander and Schneider (1991)
Secondary structure pred. PredictProtein (2D) Rost and Sander (1993)
Transmembrane helix pred. PredictProtein (tmb) Rost et al. (1995)

Residue solvent exposure pred. | PredictProtein (exposure) | Rost and Sander (1994)

3D homology modelling WHATIF (whatif_model) | G. Vriend, EMBL, Heidelberg

sequence to provide the user with additional evidence to coak, 1990)] or global gapped alignments [FASTA (Pearson
firm/deny the automatic annotation. and Lipman, 1988)] of the query and the target sequences
together with a similarity score and a significance value.

In GQsearch, a BLAST search is made, followed by FASTA

regions in proteins are known to aff_ect e.ve}luatlpn.of the SI% o reliable hits were found on the first pass. Bearing in mind
nificance of database searches by identifying similar regions . : 4
that the primary purpose of the system is to determine func-

thr? tare QIOt ner:}cests)arily :jelatled b%/ diVﬁrgent pr[otein (e\X/0|Utio{i10n this reduces processing time and storage requirements
The problem has been dealt with in the past ['seg’ (Wootton ; : . '
and Federhen, 1996); ‘xnu, (Claverie and States, 1993)]. Important considerations when analysing a whole genome.

In GeneQuiz, low-complexity regions are found using Seien‘ormame is also considerably improved by using biasdb

Sequence filter€ompositionally biased (or low-complexity)

and amino acid-biased compositi . %Pove) to mask amino acid-biased regions of the query, there-
) position regions are detect reducing the incidence of false positives

with the program ‘biasdb’ (G.Casari and C.Ouzounis, un?’ 9 P '

published). This performs a single-pass, ungapped compaBupport methodsThese methods are conveniently further

son between a query sequence and an ideal homopolynmipdivided into pattern detection, multiple alignment and

identifying with a given cut-off score both the regions and thetructural inference categories.

type of compositional bias with superior performance to th

previous approaches (Caseral, 1996). These regions are ﬁ) Pattern detectionSeveral methods are used to scan the

rich in one particular amino acid that may correspond tguery sequence for repeated pattems and known motifs. Re-

functional or structural features of the protein, e.g. transD-eated sequences of amino acids are detected using the pro-

membrane segments or runs of charged residues gram ‘repeats’ (M.Vingron, DKFZ, Heidelberg). These
' often reflect large-scale features of the sequence, e.g. struc-

Comparison method3he screening of an uncharacterizedtural domains, and are frequent in structural proteins. Simi-
guery protein sequence directly against protein sequentzly, coiled-coil regions are predicted using the program
databases or indirectly against nucleotide sequence dategils’ (Lupas, 1997).

bases by six-frame translation of the latter is common prac-The query is also scanned against databases of protein se-
tice. Two standard search methods are used in GeneQuiz ginence motifs [PROSITE (Bairoetal, 1997) and ‘Blocks’

ing either ungapped local alignments [BLAST (Altsceul (Henikoffet al, 1997)]. The presence of a motif can confirm

395



M.A.Andrade et al.

an otherwise weak homology. Normally, these motifs corret. Sequence similaritglearly, the higher the similarity be-

late with functional properties, for which detailed annotatween the query sequence and a putative homologue, the

tions and cross-references may be available in PROSITEwore confidence in any functional inference. This is, in turn,

The Blocks database has a more extensive collection of mdependent upon the choice of database search engine or se-

tifs, including those of families without known function, butquence comparison method chosen. GeneQuiz uses estab-

is less comprehensively annotated. lished search methods (BLAST, FASTA) with their own rela-
tive strengths, as discussed elsewhere in the literature. How-

(ii) Multiple alignment.The ‘MaxHom’ program (Sander ever, in an integrated system like GeneQuiz, there remains

and Schneider, 1991) is applied to the query and databage issue of comparing results from disparate scoring

search hits (above). MaxHom accumulates and aligns s€chemes.

guences to the query, most similar first, excising unaligned

loops from the hits to prevent gap insertion in the query. Thé Database qualityThe choice of databases searched is im-

result is a query-centric multiple alignment for input to somgortant. GeneQuiz, through the GQupdate module, ensures
of the support methods outlined below. that a wide selection of sequence databases are accessed.

However, external databases differ in the quality of curation

(iii) Structural inferenceSeveral programs are able to ex-and in the amount of annotation they offer, depending on their
ploit, or depend upon, the extra structural information impliintended purpose. Sequence databases may contain either nu-
citin a multiple alignment. The PHD suite of programs (Rostleotide (GenBank, EMBL) or protein sequences (WormPep,
et al, 1994) makes use of the MaxHom output to produc&enPept, TREMBL, PIR, SWISS-PROT). A quality control
predictions of secondary structure (Rost and Sander, 1998)echanism is required that will differentiate between annota-
transmembrane helices and connecting loop topology (inteliens derived from different databases, perhaps using some
nal/external) (Rosdt al, 1995), and of residue solvent expo-explicit ranking that indicates the relative confidence of the
sure (Rost and Sander, 1994). system in each database, whether protein or nucleotide.

Lastly, given a MaxHom alignment that includes a good ) , , i
homology to a sequence with known 3D structure, the sy§a Annotation qqahty.T he annotations currently f_ound in
tem builds a model 3D structure of the query sequence usifigtabases are highly heterogeneous and sometimes incon-
the WHATIF program [G.Vriend, European Molecular Biol- Sistent in the use 'of d.atabase fields. The provenance pf a
ogy Laboratory (EMBL), Heidelberg]. It is important to notefunctional annotation is _generally not apparent—as with
that the model corresponds only to those parts of the quetftabase quality, a function may have been inferred by ho-

that have homology to the sequence with known 3D strugology, or itmay have been assayed experimentally (leading
ture, as aligned by MaxHom. presumably to more reliable annotation), but this is not ex-

pressed at the annotation level in a machine-readable or even

consistent manner. Annotations are generally hand crafted
Module: GQreason and inevitably reflect idiosyncrasies of the annotator despite

attempts at standardization by the curators. Typical forms of
The main purposes of the GQreason module are 2-fold: (i) tiescription encountered include those shown in Table
determine a broad cellular function for the query sequenceAutomatic assignment to a functional class cannot rely on
family by analysing the set of homologues to the protein, i.¢he annotations in the current generation of databases: these
to assign the family to a general functional class; (i) to assigare inadequate as they describe protein function at a very de-
a specific function to the query, if possible, by transferringailed level where possible (e.g. a given sequence may be an-
that function from one of the homologues. Both tasks depemtated as a cdc2 kinase, but not as being involved in intra-
on the careful choice of homologues and on the systematiellular communication). One approach is to narrow the focus
analysis of sequence database annotations. to the most reliable part of any annotation, the keywords, since

The homologue list is selected from the union of sequendbese may derive from or constitute a controlled vocabulary.
hits reported by the database search programs from the prelif a more specific functional annotation for the query than
ceding GQsearch stage, using only those sequences thatlat from keyword analysis of the homologues is required, a
ceed method-specific score or significance values [BLASTHEetailed deconstruction of the text contained in the sequence
P(N) < 1e — 10; FASTAscore> 130, corresponding to the annotation is required. Further, any valid system for func-
‘clear’ categories in Tablg]. tional transfer, whether manual or automatic, must make
Systematic extraction of functional information from an-competent decisions on which annotation, if any, to apply to

notations expressed in various database-specific field typasquery sequence given a list of plausible homologues and
(description, keyword, comment, etc.) and formats presentiseir associated annotations. Because of the complexities of,
a harder problem. Three general criteria affecting annotati@nd interplay between, the three criteria of sequence similar-
quality are: ity, database quality and annotation quality, often the best
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Table 3. Typical forms of functional annotation. Most of these may be modified by descriptors (e.g. ‘putative’, ‘by
similarity’), indicating that the function was assigned on the basis of some sequence similarity, methods,
parameters, or cut-offs, often unspecified. The Accept? column shows the action of the lexical analyser embodied in
the functional transfer procedure in GQreason

Description Accept?

Reference to the protein itself
GLUTAMATE-1-SEMIALDEHYDE 2,1-AMINOMUTASE (EC 5.4.3.8) (GSA) yes
NEGATIVE REGULATOR OF GENETIC COMPETENCE MECB yes

Reference to other components

penicillin-binding protein yes

sigma-54 interacting protein yes

Systemic information

VIRULENCE FACTOR MVIM yes
PROTEIN RESPONSIBLE FOR OXETANOCIN A RESISTANCE yes
S. cerevisiae essential gene from chromosome IX, complete cds. no
34 KD ANTIGENIC PROTEIN no

Structural information or cellular localization

transmembrane glycoprotein CD68, 110K - human no

B.taurus mRNA for novel cytoplasmic protein no

Gene name

DnaJ, HyaA (products characterized and function known) yes
YydK, YydF (hypothetical genes of B. subtilis) no

DNA-level information

zt19h03.r1 Soares ovary tumor NbHOT Homo sapiens cDNA clone 713621 5’ no
HYPOTHETICAL 68.5 KD PROTEIN IN SCS3-SUP44 INTERGENIC REGION no

functional transfer may not be the one associated with theThe generation of a dictionary starts with an initial com-
best-scoring database hit. prehensive training set of example proteins classified into
The solutions adopted by GeneQuiz for general functiondlinctional classes by a human expert. For every one of those
classification and specific functional transfer are described jproteins, their corresponding keywords are extracted and
the next sections. each is scored by the number of times that it appears in a
functional class.
General functional clas§.he method used by GeneQuiz for A filtering procedure is applied to eliminate those key-
general functional classification is based on the generationwbrds with no functional meaning (e.g. ‘3D structure’, ‘hy-
a dictionary that associates keywords characteristic of a ggsthetical protein’) and those that are present in just one se-
quence with a set of functional classes. The keywords are @gence. Each one of the resulting set of keywords is assigned
defined in the SWISS-PROT protein sequence databas#iquely to a functional class if no less than 85% of its occur-
GeneQuiz currently works with 14 classes of cellular funcrences belong to that class.
tion based on those of Riley (1993) and grouped into threeAssignment of a new sequence to a class is by look-up of
superclasses, ENERGY, COMMUNICATION, INFORMA- the keywords for that sequence in the dictionary to determine
TION (Tamamegt al, 1996), plus a catchall class OTHERthe most frequently associated class, which is then chosen.
(Table4), although the following algorithm can be applied tolterative application of the assignment process to all se-
any classification scheme or number of classes. guences in a sequence database yields a new set of keyword/
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Table 4.Functional classification used in GeneQuiz. Proteins not coveredg classification of the query into one of the 14 functional
by the first three superclasses are placed in ‘OTHER’, which is not used classes. The collated keywords and also the species distribu-
in the GeneQuiz analysis . . : L

Q Y tion of the family members are stored for later reporting in

Superclass Functional classes the GQbrowse module.

ENERGY zf)f;fltahtibb;?ﬁfi:zi Transfer of specific functiorGeneQuiz applies a lexical
central intermediary metabolism analysis procedure to the description fields of the query ho-
energy metabolism mologues to recognize likely functionally meaningful an-
fattly atgi;l at?d phz)ipponpid metabolism notations. Currently, the system is not applied to comment
?r“;n:g;rte tosynhests fields (which are typically less structured than descriptions),

nor does it take into account or try to ascertain whether or not

COMMUNICATION | cell envelope the function has been experimentally assayed or just derived
cellular processes by similarity.
regulatory functions The GQreason module applies the following algorithmic

approach to the list of homologues: (i) for each database

INFORMATION replication search method, assemble a separate list of homologues, de-

transcription
translation

scriptions and scoring information ordered by similarity to
the query; (i) transpose method-specific scoring into a com-
mon ‘reliability value’ scheme which incorporates biases fa-
vouring certain databases (SWISS-PRCGT PIR >
TREMBL, GenPept > EMBL, GenBank) as detailed in Table
Table 5. Reliability values and categories. Method-specific scoring 5; (iii) concatenate the lists placing favoured search methods
schemes are transposed onto a 0-1 scale incorporating a large bias that first (BLAST > FASTA); (iv) iterate over the partially sorted
favours protein over nucleotide database hits. Actual reliability values  [ist, applying a lexical analysis to each functional descrip-
used jn GQreason also differentiate between protein databases by _tion, either accepting or rejecting it according to the forms
applying a further small bias to these values: SWISS-PROT, unmodified,; shown in Tabl&.

PIR, —0.002; TREMBL, —0.004; GenPept, —0.006 _ _ _ _ ,
Lexical analysis consists of a series of tests for informa-

OTHER -

Method-specific Reliability tional content (or lack of it) using first regular expressions,
score values categories then known words. Referring to Figuzetest (a) for an in-
protein nucleotide | protein  nucleotide  Vvalid functional description may lead to immediate rejection.
Otherwise, known functionally content-free text is masked
BLAST in (b), then tested for a functionally informative description
p(N) < le—70 1 0.7 clear tentative in (c) and accepted accordingly. If test (c) fails, the text is
p(N) <le—20 0.99 0.69 clear tentative further masked for non-word characters, short words under
P(N) <le—10 095 065 clear tentative  fiye characters, and numbers in (d) and, provided some un-
p(N) <le-4 07 04 tentative marginal masked text still remains, the description is accepted.
p(N) <0.1 0.3 0 marginal  unknown ol : : ;
p(N) < 1 0 0 wknomn wnknoun Of the_ descrlpt_lons accqpte_:ql (if any).by th|§ analysis, the
one having the highest reliability value is carried over as the
FASTA functional annotation of the query sequence, and the pro-
score > 500 1 o7 lear tentative cedure terminates. The reliability value is taken as an esti-
score > 250 0.99 0.60 clear tentative mate of the quality of the functional transfer, and is also
score > 145 0.95 0.65 clear tentative transformed into a categorical scheme {'clear’, ‘tentative’,
score > 130 0.91 0.61 clear tentative ‘marginal’, ‘unknown’} (see Table5) for reporting in
score > 90 0.3 0 marginal  unknown GQbrowse.
score > 0 0 0 unknown unknown

Module: GQbrowse

class associations that can be used to generate a more exidre user accesses the results of a GeneQuiz analysis via a set

sive dictionary with an increase in classification quality (Taef HTML pages containing tabular information and graphi-

mameset al, 1998). cal displays of alignments and structures, that is navigable in
In GeneQuiz, the keywords associated with the majority ainy table-compliant Web browser.

all SWISS-PROT homologues of the query sequence—hav-Pre-computed analyses of related groups of proteins, typi-

ing suitable keyword information—are selected. Then theally whole-genome ORF sets, can be examined individually

dictionary of keyword/class associations is used to attempy ORF identifier, or tabulated by category (e.g. functional
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description

sequencing in progress,
very hypothetical * protein,
polyprotein

a) Elements indicative
of non-valid functional
description?

in * intergenic region,

. in * gene cluster,
b) Remove functlonally protein, function, precursor,

content-free elements. hypothetical, unknown, putative,
probable, similar...,
organism names

EC numbers,
Gene names, where function
of product is known

¢) Elements indicative yes

of functionally informative

*no

d) Remove small words
(< 5 letters), numbers,
non-alphanumeric characters.

at least
one word
yes

left ?
' no
( reject description )/ \(

Fig. 2.Flowchart of the lexical processing of sequence descriptions. Processing is normally by steps (a) through (d), at Wiealegoition

is accepted as functionally meaningful if, after the modifications in steps (b, d), it still contains at least one wotds 8hetéps (a, c) lead
to immediate acceptance or rejection of the description. In practice, the flowchart may be traversed twice for each ijtri:cesanitial
pass scans for known grammatical constructs using regular expression matching, and a second pass scans for speciallesads.dtxamp
alongside steps (a, b, ¢) and in Table 3.

Y
accept description )

class, ORF name, etc.). Summary statistics show the ocaerresponding gene names and the original functional as-
pancies of such categories as well as the overall coveragesaginment (if any) associated with the query sequence. The
a genome in terms of reliability of functional assignment. user can compare this with the GeneQuiz inferred functional

Findings for each ORF, as above, or for a user-suppliegssignment in the next section, (ii) functional information,
protein query submitted to the server, are presented in the. the transferred functional assignment, the general func-
form of a report giving structured access to and views of th@nal class and a list of functional keywords abstracted from
collected results (see Taldldor the list of underlying tools) similar database entries determined by the searches. The re-
from which the GeneQuiz functional assignment is inferrediability value of the annotation source sequence computed
The report, outlined below, is linked to a comprehensive heip GQreason is given in both numerical and categorical
page detailing all section contents. forms.

The report document comprises (i) basic information The functional assignment is augmented by structural in-
about the query sequence, such as sequence database alif@®sation (i) covering primary and secondary structural de-
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tails: amino acid composition-biased regions (seg, biasdigdious and repetitive tasks of searching and collating, allowing
internal repeats (repeats), coiled-coil predicted regionmore time to be devoted to the important stage of expert manual
(coils) and transmembrane helices (PHD). If a sufficientlyerification of the results.
close Protein Databank (PDB) homologue was found, a ho-There are a number of features of the system that make it
mology-built tertiary structure (WHATIF) can also be practicable and useful, offering advantages over unassisted
viewed in an external viewer, e.g. RASMOL (Sayle andnanual functional annotation. These are: (i) automation, with
Milner-White, 1995). The phylogenetic range of the sethe corollaries that analysis methods are applied in an objective
quence family (iv) is indicated by species and taxa membesind repeatable fashion; (i) use of multiple, up-to-date sequence
ship lists extracted from the underlying database searchegtabases; (jii) use of multiple homology search methods; (iv)
For this purpose, a dictionary of species and taxa for all sprovision of on-line browsing tools for examining results.
quences in the NRDB is generated with each update, usingPerhaps the most obvious feature of GeneQuiz is that it is
only those species and taxa names found in SWISS-PRQilutomatic. This is a prerequisite for the consistent functional
and excluding artificial sequences. Finally, a section (v) desharacterization of the very large numbers of protein sequences
tailing the search results and statistics allows the user #ieriving from genome sequencing projects. Taliiss the ge-
examine the raw sequence search listings (BLAST, FASTAyomes that have been analysed to date using GeneQuiz. Au-
MaxHom), motif search results (PROSITE, Blocks) and gmation also permits the same system to be re-applied to a set
merged table of all reliable homologues by the differengf ORFs as the sequence databases mature. The objectivity and
search methods. consistency of operation of the underlying analyses and report
Throughout the report, database sequence identifiers agghthesis facilitate the analysis of large groups of proteins [ga-
PROSITE and Blocks entries are hyperlinked through SRS {Rered by family (Garcia-Ranea and Valencia, 1998), or relation
the original database entry. As well as the tabular data, manytefdiseases (Andrade al. 1998)], fragments of genomes (Voss
the sequence annotations and the sequence alignments implieg| 1995, 1997) and complete genomes (Casati, 1995b;
by the search methods may be viewed graphically. At sevetalizouniset al, 1996b; Andradet al, 1997), and the compari-
points in the report, links may be followed to display the lineagon of results between different genomes (Ouzoeinial,
features (composition bias, coiled-coil, secondary structure andoea; Tamamest al, 1996; Andradet al, 1999).
transmembrane predictions, motif positions) aligned against thethe major use of GeneQuiz has hitherto concentrated on
query, with emb_e_dded links in these featurgs allowing i”termg"@vhole-genome analysis, since, apart from academic interest,
tion of the specific feature data for that region (where appropfihese datasets are the largest source of uncharacterized protein
ate). Similarly, database search results (BLAST, FASTA) Gfequences, and therefore the best training set for a system for
multiple alignments (MaxHom) can be viewed graphically agtomatic functional annotation of proteins.
coloured alignments with links via SRS to the original se- query sequences supplied as ORFs from genome projects are
quences. _ _ usually already annotated by the sequencing group. As with
These graphical presentations depend on the MView softwagigtanase functional annotations, the quality of this information
and libraries (Browret al, 1998). MView is a tool for convert- yaries from very specific definitions to functionally weak, or
ing the results of a sequence database search or multiple aliggrtent-free, descriptions, such as ‘unknown’, ‘hypothetical
ment into an HTML page showing a coloured alignment. Thgoteiry, ‘conserved protein similar to”. Regardless of qual-
example shown in Figuillustrates the colouring scheme ap- ity, the sequencing group raw annotations are ignored by Gene-
plied by MView _which_ is based_ on identity with th_e query Senyiz for the purpose of assigning function.
quence and amino acid properties. Use of these displays greallit, eny ally, the ORFs are deposited in a public database by the
facilitates V|sue_1l interpretation of search re;ul'g; by hlghllghtlngequencing group and then percolate through various database
conserved regions, even when score or significance values gigmpershin and curation stages. The surviving curated annota-
extremely weak, and by showing their correspondence (§fng now hecome available for GeneQuiz to assign, so that al

otherwise) with known motifs and predicted structural featurég, -tional annotations transferred by GeneQuiz are either taken

directly from a database sequence identical to the query (per-
Results and discussion haps already deposited), or else transferred from a similar data-
base sequence having a valid annotation (as defined in GQrea-
The GeneQuiz system is designed to analyse a single query [$on).
tein sequence, or a batch of sequences such as a set of translafBae sequencing group raw ORF annotations are considered,
OREFs from a sequencing project, to (i) assign where possibldiawever, when determining new findings in GeneQuiz. There
function and (i) collate various information derived using dif-are three criteria that must be satisfied for a GeneQuiz automatic
ferent analytical and predictive tools. functional transfer to qualify as a new finding: (i) the transfer
It should be stated clearly that this kind of system is not must have been made with reliability ‘clear’ (see Tahl€ii)
substitute for expert analysis. Rather, it frees the user from ttiee sequence must not be identical to the database sequence
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Fig. 3. Alignment of a new family found using GeneQuiz. The upper section of each pane shows sequence and structure annaations: in th
case PROSITE patterns (‘prosite’), predicted solvent exposure (‘Exposure’) and predicted secondary structure (‘Secafinetlagjninst

the query, while the lower section, which is in register, shows a composite alignment of similar fragments to the quesyfeeaddiyca

BLASTP database search and generated using MView. The colour scheme for the ‘Exposure’ row is: orange, exposed; gi@gnplolsied.

for the ‘Sec. structure’ row are: ‘@;strand; ‘h’,a-helix. Residues in the sequence alignment are coloured by identity to the query and colour
coded by physicochemical property: greens, hydrophobic; blue, negative charge; red, positive charge; purple, polar;tenaegk tyes
BLASTP-derived alignment, labels for each sequence at left give the search rank, database identifier (linked to the idaiah&R SN and

BLASTP P-value. Columns or blocks of coloured residues and corresponding annotations highlight conserved patterns indicative of family
membership. In this example, tHepylori query sequence (predicted ORF 989182 to 990324 on the default strand) has five regions with patterns
that appear to be conserved in the first 10 sequences (thus likely to form a family), but not in the remaining sequereresshdviehfor
illustration. Note that the last obvious family member (rank 10) has a BLASTP value of 7.7e — 9, below the automatidahcshoBLASTP

hits used by GQreason (see System section), showing the importance of visual examination of results. This family isypRidiiz tiedbe

mainly a-helical (on the basis of the underlying MaxHom alignment), and seems not to contain any coiled-coil, transmembrane or
low-complexity regions, which would otherwise have been reported as extra rows in the annotations. The N-terminal reggon @bt

to PROSITE pattern PS01268 (uncharacterized protein family UPF0024 signature; unpublished observations, A.Bairoch, 18%Howhich

in the ‘prosite’ row as a live link (blue ‘p’s) to that PROSITE entry via SRS. Although all members are as yet hypottietits| thefamily

is clearly real and, spanning members of archeal, bacterial and eukaryotic kingdoms, is presumably both ancient and fpimdportamial
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=

401



M.A.Andrade et al.

Table 6. Complete genomes and GeneQuiz automatic functional assignment statistics. 3D, sequences for which a model
could be built by similarity to a sequence of known 3D structure; F, sequences for which function is known or can be
inferred from similar sequences; S, sequences that have similar sequences in the databases. Total throughput for the 12
genomes: 37 Mb or 29 145 ORFs, with average levels of functional assignment: 13% 3D, 59% F, 84% S

Organism Sequencing reference Size 3D F S | Run
Mb ORFs| % % % | date
Bacteria
Haemophilus influenzae Rd | Fleischman et al. (1995) Science | 1.8 1680 | 17 71 99 | 2/98
Mycoplasma genitalium Fraser et al. (1995) Science 0.6 468 | 15 70 87 | 6/97
Mycoplasma pneumoniae Himmelreich et al. (1996) NAR 0.8 677 | 10 59 93| 12/96
Synechocystis sp. Kaneko et al. (1996) DNA Res. 3.6 3168 | 12 56 74 | 11/97
Escherichia coli Blattner et al. (1997) Science 4.7 4285 | 14 72 87| 4/97
Helicobacter pylori Tomb et al. (1997) Nature 1.7 1590 | 11 54 84| 8/97
Bacillus subtilis Kunst et al. (1997) Nature 4.2 4100 | 16 62 83| 1/98
Borrelia burgdorferi Fraser et al. (1997) Nature 14 850 | 15 64 82| 1/98
Archaea
Methanococcus jannaschii | Bult et al. (1996) Science 1.7 1735 | 8 45 74 | 10/96
Archeoglobus fulgidus Klenk et al. (1997) Nature 2.2 2437 | 11 47 75 ) 12/97
Methanobacterium
thermoautotrophicum Smith et al. (1997) J. Bacteriol. | 1.8 1871 | 11 53 89 | 11/97
Eukarya

Saccharomyces cerevisiae | Goffeau et al. (1996) Science | 12.5 6284 “ 11 60 77 ” 10/97

from which the annotation was taken; (iii) the original raw an- In any case, the report always displays the original raw
notation supplied by the sequencer must be known to lack fure@anotation for comparison with that derived by GeneQuiz,
tional information. and the user can use the browsing facilities to inspect the
The first criterion is an obvious quality control. The secon@uality of the automatic annotation or to explore the collected
arises because, as noted above, a raw sequence eventually figggits of the different analyses, which may lead to other dis-
its way into one of the databases mined by GeneQuiz to detgpyeries (e.g. families of hypothetical proteins, remote ho-
mine function; findings based on self are discounted. Of Cours@ologies). New annotations transferred by GeneQuiz may
the function is still transferred by GeneQuiz to the query, but thﬁ‘timately be incorporated into the databases.
transfer cannot be considered as a new finding as it is simply F\gain, it is important to emphasize that the transfer of an-

copy of a previously assigned and curated function. The thi%tations erformed by GeneOuiz is completelv indepen-
criterion is based on a manual assessment of the raw ORF rg P y Q pietely P

i jecti i i ; r he original raw annotations supplied with any ORFs.
notations, rejecting such items if they are functionally conte htoft 9 Pp y

free: only annotations rejected in this way can contribute to ey cc_)r_1trast, '.[h? perm|t.ted scope for possible new findings is
new finding list. spec!flcally I|m|teq to include only f[hose ORFs that lack

Each criterion errs on the side of caution. Only the mo&mctlonally meaningful raw af_‘”Ot?t'O”- . .
conservative of candidate new findings are noted thereby and°Me €xamples of new findings inferred using GeneQuiz
highlighted for immediate attention or reported in perform@'® presented in the rest of this section. In general, Fhe system
ance statistics. Other annotations derived by GeneQuiz, evérble to infer a remarkable number of new functional an-
if not considered new findings, may complement the analysotations reliably. The_z reasons for this are discussed further
of the sequencing group by (i) supporting the original annotdP relation to the choice of databases and search methods.
tion or (ii) suggesting a better alternative. Note that automatfgome general problems or caveats that affect this kind of pro-
detection of the latter situation is not attempted, becausedure (whether embodied in an automatic system or man-
deeper expert analysis may be needed to discern which of thally applied) are presented with suggestions for future
conflicting annotations is more accurate. work.
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New findings The discovery of new families of hypothetical proteins be-
comes more likely with the increasing number of hypotheti-
Full sets of new findings for particular genomes have beeghl ORFs from large-scale sequencing projects. Conserva-
released and published elsewhere (Casad, 1995b; Ou-  tion within the family validates the inference of the hypo-
zounisetal, 1996b; Andradet al, 1997). Here, we illustrate thetical ORFs, since the conservation of the translation
the application of GeneQuiz using three selected examplggoduct across species is normally an indication of their ex-
from analyses of several whole genontggnechocystisp.,  pression as functional proteins. Moreover, the alignment pin-
Helicobacter pylori Saccharomyces cerevisjaewhich  points conserved patterns and may indicate functionally im-
identify (i) a new function, (i) a new family and (iii) a new portant sites. Eventually, remote homologues with known
superfamily, respectively. functionality may be detected by searching the databases
, . , with the profile of the family [e.g. MOST (Tatuset al,
New functionln _thg ana_lly5|s of thSyn_echocy;nsp. ge- 1994), HMMer (Eddet al, 1995), WiseTools (Birnest al,
nome, GeneQuiz identified a putaticés-aconitase gene j1996)] a procedure usually more sensitive than the single
(ORF 'slr0665'), which was not reported as such by the resequence-to-sequence comparison methods employed by
search group that sequenced the genome (Kaeekd,  GeneQuiz in the database searches. The taxonomic span of
1996). Sincecis-aconitase is a key enzyme of the citratgne family may be related to the evolutionary origin of the
cycle, this is an important finding. GeneQuiz found clear evig,nction associated with it. A broad distribution with con-
dence.for. this idgntity: strong sequence s!milarity to Ot_heéervation among very divergent taxonomic branches may
bacteriakis-aconitases and two typical motifs of the family;ngicate basic functions important to the survival of the or-
(as defined by BLOCKS). ganism. Alternatively, unique occurrence in a single genus

GeneQuiz transferred the annotation fromieherichia v indicate a function particular to that genus, conferring,
coli biochemically characterizesis-aconitase (Fujitet al, ¢4, example, pathogenicity.

1994). The database entry SWISS-PROT:ACO2_ECOLI an example of the discovery of a new family of hypotheti-

(the notation used for database entries is database:identifigg) proteins is shown in Figuge The closest homologues to

was generated in June 1994 and updated in November 19597query hypothetical protein sequence frbhpylori (se-

to account for the correction of a frameshift. It is likely thabuences 1-10) have a highly significRatalue reported by

the analysis by the original sequencers missed the similari{ ASTP, and can be considered to be members of the family.

because of this. New similar sequences fMjannaschii  conserved patterns accumulate in five blocks. Interestingly,

andH.pylori confirm the homology. Because GeneQuiz useg,o family spans eukaryote§.éerevisiae Caenorhabditis

an up-to-date compound sequence database, all recent d%ﬁ@gan; archea Nl.jannaschij and bacteriaH.influenzae

base changes are taken into account, such as the correciiogyjj Examination of the original database entries revealed

of theE.colisequence and the inclusion of new homologuespat gl homologues were annotated as hypothetical proteins,
Other non-automatic systems for protein comparisolnq that their functions could not be predicted by similarity to

[COG (Tatusowet al, 1997); WIT (Overbeekt al, 1999)]  iher proteins of known function. Other less related sequences

arrived at the same conclu_5|ons. Finally, in July 1998, th@equences 11-25) havewalue > 0.4, indicating very low

sequence was included in the SWISS-PROT databaggy,ence similarity. Examination of the alignment of these se-

(SWISS-PROT:ACO2_SYNY3) annotated accordingly ag,,ences to the query sequence shows that the similarity re-

cis-aconitase. ported by BLASTP is not indicative of functional similarity,

New familyThe GQreason module selects a set of sequenc% t reflects more ge_neral structural S|r_n|Iar|ty through patterns
conserved negatively charged amino acids.

similar to the query sequence as reliable homologues. If noﬁel_his information has also been generated by posterior non-

has a characterized function, the module cannot assign. a, - ~tic analyses (Tatus@t al, 1997; Doerkset al,

function to the query. However, even in this situation, Gene- ; . \ .
Quiz can provide other information to characterize the farriggg)' The functionality of the family remains unknown.

ily, such as the presence of sequence motifs and a tentatNew superfamily.The functional assignments made by
indication of the taxonomic span. GeneQuiz have an associated reliability (T&blén the pre-
Manual examination of the alignment of the query to alteding paragraphs, we have only considered ‘clear’ func-
similar sequences (as displayed by MView) can help the usiwnal assignments selected by the GeneQuiz system using
in the task of family characterization by highlighting com-very conservative thresholds. Nevertheless, other less reli-
mon sequence features, even beyond the safe thresholdsalye sequence relationships, although they may be classified
plied by the automatic reasoning module. Other more elabdpy the system as ‘tentative’ or even ‘marginal’, may have a
ated alignment programs can then be used to construct mbielogical basis. The system cannot resolve such cases auto-
rigorous sequence alignments [e.g. using CLUSTAL (Higmatically because of the risk of introducing many false posi-
ginsetal, 1996) or SAGA (Notredame and Higgins, 1996)] tives into the putative family. However, the user, if particular-
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ly interested in a specific protein, has available all the in- no homologue
formation derived by GeneQuiz and can manually validate '
candidate homologies to remotely related genes and superf% molo

. gue
milies. . _ no function

One example is the hypothetical yeast ‘'YCLO0O8C’ gene
(TREMBLnew:SCCHRIII_60) for which GeneQuiz
transfers function from the mouse and human ‘TSG101’
genes associated with tumour susceptibility (TREMBL:
MM52945_1 and TREMBL:HSU82130_1). Since the simi- .

. . . .. tentative
larity levels to both proteins are well under the restrictive
thresholds applied in the reasoning module (BLAS¥P
value of 0.044, and FASTA score of 95, for the closer mouse
sequence), the annotation was reported as ‘marginal’. Never-
theless, examination of the alignment indicates that the simi-
larity is meaningful and suggests an even more distant rela-
tionship to members of the ubiquitin-conjugating protein
family (SWISS-PROT:UBC4_CANAL, SWISS-PROT: _ , . . _

. Fig. 4. Time series of GeneQuiz analyses for th@emophilus

UE_’C4—YE_AST)' A_mOdeI of the query sequence can be buil nfluenzaegenome (Fleischmaret al, 1995). The nested piecharts
using the information from the 3D structure of one of thegnay categories of reliability of functional annotation changing with
ubiquitins (PDB:2UCE, corresponding to UBC4_YEAST). time, from inside out: August 1995 (some days after the public release
Recently, several authors (Koonin and Abagyan, 1997; Ponbf the genome), April 1996 and February 1998. Reliability levels
inget al, 1997; Sanchet al, 1998) have independently de- (clockwise) are (1) with clear annotation and 3D structure predicted
scribed this similarity after extensive sequence analysis. by homology modelling; (2) other sequences with clear annotation; (3)

sequences with tentative annotation; (4) sequences with a homologue

but no function; (5) sequences with no homologue. After the last
Database coverage analysis, only 22 sequences remained in the ‘no homologue’ class,

assignment to which is very lax, since the automatic levels of
As the knowledge stored in biological databases constantlyimilarity accepted by GeneQuiz as indicative of homology and
increases and changes, any analysis of ORF sets may havertambership of the other categories are very conservative.
be repeated. New information for a matching ORF may be
gleaned under any of the following conditions: (i) a new struc-
ture is deposited in PDB permitting modelling by homologysteady growth of the different categories of homologue, most
(i) an extant database sequence initially lacking suitable amportantly, for inferred 3D homology and for functional as-
notation is updated with functional information (either by exsignments by clear homology.
periment or by homology); (i) a completely new functionally For example, of the 150 annotations corresponding to the
characterized sequence enters the databases; or (iv) a coew findings reported by GeneQuiz féiinfluenzagn Au-
pletely new, but uncharacterized, sequence enters the dagast 1995 (Casast al, 1995b), examination of the corre-
bases, which nevertheless validates by similarity the existensponding database entries in February 1998 showed that a
of a predicted ORF. The last case is often to be expected withal of 42% were incorporated in the database protein de-
the sequencing of phylogenetically close organisms havirggription [either as a sure function (27%), or as homologue
many common loci, e.dgdycoplasma genitaliurandMyco-  (10%) or probable (5%)]. Another 56% were still defined as
plasma pneumonia@limmelreichet al, 1997). ‘hypothetical proteins’ (with a remarkable 44% for which the

The multiplicity of databases searched is also importangimilarity to the protein selected by GeneQuiz for function
The inclusion of PDB in the GeneQuiz database has just begansfer was indicated). A remaining 2% of annotations
cited above in the context of structural inference. More gerorresponded to ORFs that no longer exist in the databases
erally, GeneQuiz uses a combination of protein sequence afedg. due to frameshift correction). One example is ORF
translated nucleotide databases with which to achieve maxH0169 that turns out to correspond to the terminal part of a
mal coverage of the available potential functional annotationsingle ORF, now called ORF168/69. Interestingly, for some

Thus, the regular update of the analysis of ‘old’ genome&% of the August 1995 new findings, GeneQuiz now gives
with comprehensive and up-to-date databases continualydifferent annotation, in most cases from a closer homo-
generates new results, and, again, this can be easily done vdtlpue that was not present in the databases at the time of the
the help of an automatic system. The effect is clearly showariginal run.
by a time series of GeneQuiz-derived annotation categoriesThe origin of new findings in relation to database dy-
for the H.influenzaegenome (Figurd), in which there is namics was examined using four recent GeneQuiz runs ex-

Aug 95

Apr 96

Feb 98

clear

404



Automated genome sequence analysis and annotation

(@)  AF 12/97 (b)  MT 9/97
id/n (<1%) id/p (1%)

org/p (30%) id/n (30%)

46%
(52%) (46%)

org/n (12%) ora/p (17%)

\ new/p (2%) I T\ A
new/n (4%) new/n (4%) Lev\c;/rg /(nz‘E/:)1 )
(c)  HI 2/98 (d  BS 1/98

id/p (25%)

(29%)
(38%)
new/n (3%)— id/p (55%) id/n (3%)

new/p (5%)

org/n (2%) — org/p (21%)

) 7 new/n (4%)~—
org/ Di ((j‘}n/ogQ%,)/ new/p (3%) |
org/n (6%)

Fig. 5. Sources of functional annotation for GeneQuiz analyses of four complete bacterial and archaeal genomes. Piechartedepittdee p

of ‘clear’ ORF functional assignments deriving from the component databases of the GeneQuiz system. Each is labelleditth tue top
abbreviated organism name and the date of that GeneQuia)riirch{eoglobus fulgidu@AF) a few days after publication of the genome (Klenk

et al, 1997) (2383 ORFs)bj Methanobacterium thermoautotrophicMT) some weeks after publication (Sméthal, 1997) (1871 ORFs);

(c) Haemophilus influenza@ll) (B years after publication (Fleischmagtral, 1995) (1717 ORFs)d] Bacillus subtilis(BS) some days after
publication of the full genome (Kunet al, 1997) (4099 ORFs). The clear assignments are classified: id, identical to a database sequence; org,
similar to a database sequence, accepting sequencing group’s original annotation; new, similar to a database sequgrssguejesitig

group’s and assigning new annotation. These classes are subdivided by type of originating database: p, for protein YAGBRROTS

PIR), n, for translated nucleotide (TREMBL, GenPept, WormPep).

hibiting various periods of delay after genome publicatiorvet, many new sequences have now been published that have
and widely ranging levels of experimental knowledge on thaot had time to percolate through the databases; it does not fit
organism in question (see Figie neatly into the progression because it is a hybrid case. The ideal

The first three GeneQuiz analyses (Fighaec) are of ge- application of a GeneQuiz-like system would be to genomes
nomes for which no (or very few) sequences were presentlike (a) in the figure, for which little is known, and for which
any database before their publication. At the time of the runsjaximal new functional annotation could be infeechovo
these three genomes ranged over (a) essentially no sequenéeach piechart shows that new findings comprise 6—8% of
in any database (minimal identical hit sectors; id), (b) sehe total number of ORFs for that genome, everHiie-
guences deposited only in translated nucleotide databagksnzaegenome (c), for whicfi3 years have elapsed be-
(large nucleotide identical hit sector; id/n) and (c) sequencéseen the publication of the genome and the depicted Gene-
deposited in protein databases (very large protein databa3siz run. To see which databases are providing the new find-
hit sector; id/p). The idealized progression (a—c) reflects inngs, consider runs (a) and (d), which were performed shortly
creasing database penetration. after publication of the whole genomes/Arthaeoglobus

The fourth analysis (Figurgd, boxed) is of a long-studied fulgidusandBacillus subtilis respectively. Comparing the
bacterium for which many sequences were already annotated3eneQuiz new findings sectors (new) with the non-identical
protein databases years before the completion of sequencihgmologue sectors of original sequencer annotations (org)
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by the ratio of annotations deriving from translated nucleds exhaustive and applies the same battery of methods and
tide databases over protein databases (n/p), the ratio is mlahic to all the proteins under analysis; there is no possible
higher for the GeneQuiz new findings. This indicates thagrror by omission.

GeneQuiz more often makes discoveries based on simila-

rities to sequences in translated nucleotide databases tha@%tem limitations and further work

the original annotators.

This is consistent with the observation that, depending ofhe many advantages of an automated system for the transfer
database submission procedures, curation standards and @jgunctional annotation from database sequences to a query
date frequency, new data appear first in the nucleotide daggquence, including avoidance of errors such as omission,
bases (EMBL, GenBank), then in the machine translatiohave been discussed above. However, any manual or auto-
databases (TREMBL, GenPept) and finally in the proteifatic procedure is prone to several types of error (Bork and
databases (SWISS-PROT, PIR). There is a clear benefit B@iroch, 1996; Bork and Koonin, 1998; Galperin and Koon-
supplementing the protein databases with translated nucldd- 1998). Some of them are not currently addressed in Gene-
tide databases when determining function by homologfuiz. The most important of these are: (i) false positives,
Likewise, the ratio of findings based on the ‘new’ databaseghere a transfer is made on the basis of a wrongly inferred
containing incremental updates (SWISSnew, TREMBLnewjomology; (i) innacurate transfer, where the wrong in-
GenPeptnew) versus the released databases (SWISS-PRfomation is transferred although the homology is correct;
TREMBL, GenPept) shows that these are the source of(#) transfer of inaccurate information, where the database

large proportion of functional transfers (data not shown). source is itself misleading.
We estimated an erroneous 5% of ‘clear’ GeneQuiz pre-
dictions in the analysis d¥l.genitalium(Ouzouniset al,

Database search methods 1996b) andvl.jannaschiiAndradeet al, 1997), or even less

. . . in more recent versions of the system (2.5% estimated in the
As described earlier, GeneQulz uses two standard metho ﬁalysis oH.pylori; Reichet al, in preparation). Indepen-
ELAST dand FASfTA(‘j’ appll_y 'Blg Lhe Ilatt(TIr fonly when the ent assessment by others either gives similar estimates
ormer does not find a r‘e 1a ? It. In all four genomes o Kyrpideset al, 1996) or suggests higher error rates (Koonin
Figures, the number of ‘clear’ annotations deriving from o5 "1 997: Galperin and Koonin, 1998). This is still a con-
alépl‘ngl?)hétg alévgys exceeds éhe. nur_nper Off, FAS|_|TA h'tstroversial issue since the error assessment depends on the
( or3.2), as expected since itis run first. HOWeV&Feo mation present in the database at the time of the estima-
the number of FASTA-derived annotations is a large fractloHon, the degree of belief of the experts in twilight zone find-

of the overall CO[;”L (abou; adqua_rter) iho(\;ving the_ corlr_lpg?-gs and the care taken during the tedious manual check.
mentary nature of the methods, given the eneQuiz reliabil- present, we again stress that only the experienced user
ity thresholds (Tablé).

Consider again the two genomes that were analysed sh
ly after publication (FigurBa and d), this time examining the

can resolve these problems, hence the necessity of manual
Qag:'rutiny of GeneQuiz output via the browsing facilities to

. - — . .- arrive at an expert adjudication. Even then, resolution of
ratio of BLAST-initiated versus FASTA findings in the orig- difficult cases may only be possible pendant upon the arrival

inal annotation (org) and new findings (new) sectors. Foéf further correct or more detailed information in the se-

A.fulgidus the ratios are 6.6 and 1.3, respectively, while fof e databases. The three sources of error just outlined are

B.subtilisthey are 6.7 gn_d 2.0. Compared to _the ove_raII rati(Eliscussed below with examples and suggestions for future
they show that the original annotations derive mainly froni}vork including ongoing developments

database homologues readily identified using BLAST, while
for the GeneQuiz new findings, a larger than average fractidralse positivesThere are cases in which the sequence simi-
are associated with the use of FASTA. larity detected by the database search methods correlates not

This is not to say that either method is superior. The comwith functional similarity (e.g. an active site) with implied
plementary performances probably arise from twilight casdsomology, but with structural similarity which may not indi-
of homology where BLAST and FASTA scores lie either sideate homology. This is the case for regions of amino acid
of the GeneQuiz reliability through thresholds (Tak)léor  bias, transmembrane stretches rich with hydrophobic resi-
those methods. As any similar database search scheme nuwgs, and coiled-coil regions, for which, in the absence of
rely on the use of such thresholds, this is a general probleother similarities, the function of the similar sequence should
the use of more than one method is indicated. not be transferred to the query.

It is interesting to note that there are cases in which a newFor example, theBorrelia burgdorferi gene ‘BB0071’
finding is obvious by either method and it is unclear as teTREMBLnew:AE001120_4), annotated by the original se-
why it was overlooked by the sequencing group performinguencers as ‘hypothetical protein’ (Fraseal, 1997), had
the original annotation. GeneQuiz, as an automatic systefanction assigned by GeneQuiz with ‘clear’ similarity to the
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‘NADH-ubiquinone oxidoreductase chain 2 (EC 1.6.5.3) For example, in the GeneQuiz analysis ofthgenitalium
from Paramecium tetraurelia (SWISS-PROT:NU2M_ genome, the hypothetical protein MG449 (SWISS-
PARTE), a transmembrane protein located in the inner mitd2ROT:Y449_MYCGE) was found to be similar tofrehain
chondrial membrane. The combined view of the PHD outpwf the E.coli phenylalanyl-tRNA synthetase (SWISS-
with the BLASTP traces using MView showed that the alignPROT:SYFB_ECOLI). On examination of the alignment, the
ment (query sequence positions 141-282; FASTA score justnilarity was found to be constrained to a region 60
above the ‘clear’ cut-off) corresponded to transmembraremino acids at the N-terminal of the homologue, leaving >600
stretches, and was not consistent with the conservation p&t-terminal amino acids of the homologue unmatched [prob-
terns for the query with other similar sequences. lem (a)]. Although the region of similarity is found in bacterial
GeneQuiz already filters sequences by masking regions @fchain phenylalanyl-tRNA synthetases, it has been demon-
amino acid bias so that they are ignored by the databasteated that it forms a domain common to other proteins of
search methods and non-homologous matches of this typarious function (see the discussion by Koaetial, 1997).
are excluded from the database searches. However, as &lgo, the query is not entirely covered by this domain, with
above example shows, more such filtering is required. A100 N-terminal amino acids remaining unmatched [problem
more general strategy would combine various sources of ifB)], so the automatic annotation, although based on true simi-
formation (secondary structure, transmembrane, coiled-cddrity, is incorrect or insufficiently specific.
predictions, etc.) to deduce a consistent map of the query seThe approach to the first problem requires that more in-
guence (and derived alignments) in terms of regions of lofoermation be gathered on the correlation of function with se-
or high information content, using only the latter for homo-quence location for a given homologue. This information
logy and thence functional inferences. Of course, any sudould be determined experimentally and annotated in the
system would also be liable to over-masking of good regionsprresponding database entry, or it may be derived automati-
necessitating a careful balance. cally from a multiple sequence alignment of the family: a
well-conserved region among a statistically significant

Inaccurate transfeiGiven a valid homo|ogy’ the GeneQuiZ numl.)er Of prOteinS could be considered a valid domain, with
system assigns function by the transfer of the description B#nction inferred by consensus from the containing homo-
one, and only one, database sequence to the query. This Sliggues. A solution to the second problem requires the analy-
plistic approach is effective (as shown above) and is easy #$ of other.homologues to find a possible match for the unas-
follow and control. However, there are cases for which thigigned region of the query.
procedure is unable to discriminate correctly between poss-
ible functions for proteins comprising multiple functional (jiy Functional hierarchyWithin a protein family, there may
domains, or for proteins that are members of closely relatefs specializations of function within an overall general class.
subfamilies. TWO eX.ampleS illustrate the domaln prOblerFor example’ the Enzyme Commission (EC) system at-
and the functional hierarchy problem, respectively. In bothempts to organize enzymes into a hierarchical scheme based
cases, solutions may involve the analysis of not one, but gh types of reaction catalysed. A given evolutionarily related
multiple homologues. family of enzymes may contain proteins catalysing a similar
reaction, but with different substrate specificities. This situ-
(i) Domain problemThe function of a protein is usually as- ation can lead to overprediction (too specific) or underpre-
sociated with, indeed is defined by, certain structural regiondiction (too general) of function due to inappropriate choice
such as surfaces of interaction and active sites, and theirthe family member from which to transfer function.
physicochemical properties. Many proteins comprise mul- For example, thB.subtilisgene ‘'yesQ’ belongs to a family
tiple functional units, each associated with perhaps a diffeof proteins that translocate a substrate across the membrane,
ent function, although the assemblage may have some higlierming part of a bacterial transport system. More specifi-
level compound role as a consequence of the interaction cilly, it belongs to a subfamily that imports sugars. This gene
the domains through their structural adjacency. was cautiously annotated by the sequencing group as ‘un-
GeneQuiz transfers function from homologue to quenknown; similar to lactose permease’ (Kueisal, 1997). The
considering each as indivisible units with a singular functionGeneQuiz analysis of this gene yielded the annotation ‘lac-
Sources of error from such a naive treatment relate to the gose transport system permease protein LacG’ transferred
tential disparity between the regions conferring function anfiom the Synechocystisp. gene (SPTREMBL:P73854;
those matched by the database search method. Possible eff@&MBL:SSD910_40). Being an ORF identified in another
are (a) transfer of function from homologue to query via asequencing project, the homologue is itself likely to have
unassociated region of the homologue sequence and, ctween annotated by similarity. Examination of the phylogene-
versely, (b) failure to identify the function of a region of thetic tree of the query sequence with its homologues (F&)ure
guery that remains unmatched by the selected homologueshows that the GeneQuiz assignment is too specific, i.e. the
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vesQ taining the query. This is not an easy task as precise protein
lactose (by similarity) le-51 family relationships are not straightforward to compute. In
P73854 any case, the functional descriptions in databases are neither
e lactose LACG_AGRRD le.17 standardized nor classified. Statistical or linguistic methods
- might be designed to approach the latter problem.
74 SN-glycerol-3-P _opp poort 1e-27
52 . Misleading database informatioAlthough several levels of
usMG_struy le-26 Melibiose/ trust in the information stored in databases are implemented
72 raffinose / . . . .
isomaltotriose 1N GeneQuiz (e.g. protein databases are better than nucleotide
anyC le-22 databases; see the system description), the system implicitly
xylanase 056394 le-17 assumes the validity and accuracy of this information. In prac-
99 tice, database entries may bsterogeneous nomenclature
ytep le-25 or containncorrect annotation. This is a very serious prob-
lem since it requires changes of the databases themselves.
77 MALG_ENTAE ]e-23
26| i) Heterogeneous nomenclat iven protein may be as-
190 maltose  |marc_savnry le-23 gi)gned se?/eral descriptions thu:f\?vere (fstablishedyin different
MALG ECoLT 1e-23 specialities of biology, each with different interests in the role
B of the protein. Hence, database descriptions of a protein may
100 YyvEM 1e-27 refer to its cellular role (e.g. ‘cell-cycle related protein’), its
substrate specificity (e.g. ‘immunoglobulin heavy chain
100 ——yvdIl le-23 binding protein X’) or its catalytic function (e.g. ‘ornithine

100

MALD_STRPN le-22

maltodextrose

decarboxylase’). In the worst case, non-functional informa-
tion is contained in a description.

The GeneQuiz system already addresses the problem of
_ b _  thBacill il ‘  and discerning annotations with possible functional content from
Fig. 6. Phylogenetic tree of thBacillus subtiisgene 'yesQ' and 456 without, through simple lexical analysis. For the more
plausible homologues selected by GeneQuiz. The annotation AR )
transferred by GeneQuiz derived froBynechocystisp. ORF subtle task of unification of synonymous annotations, an au-

SPTREMBL:P73854, annotated as ‘lactose transport system perlOMatic system would need some knowledge about the rela-

mease protein LacG'. Other homologues were four uncharacterize§oNship of biological functions. It could obtain such in-
ORFs fromB.subtilis(indicated by gene name) and eight biochemi- formaﬂo_n bY Sta“?t'CE_ll' or linguistic angly&s of add|t|0n7_'3l|
cally characterized proteins (one-word identifiers for SPTREMBL information like scientific texts or descriptions of metabolic

codes, two-word for SWISS-PROT). All proteins aligned through- and signal transduction networks.

out their length (data not shown). Bootstrap values (bold) are shown However, this is an extremely complex problem since any
at the branch points [0 (low reliability) to 100 (highly stable)]. Also single functional description is a naive summary of many
shown are enzyme substrates (italics), and BLA®alues  potential molecular and atomic-scale interactions, some un-
(exponentials) from the original sequence database search WiﬂRnown, in the environment of the protémvivo, possibly

yesQ'. The subfamilies of the maltose permeases, and thosg,qying with tissue localization, stage of life cycle, time of

gathered around xylanase and maltodextrose permeases, are qul—%‘?(press;ion within the cell, time since expression of the mol-
well defined, having bootstrap values > 99. However, the subgroup !

containing the query ‘yesQ' is less certain. ecule, or chpicg of interacting molecular pa}rtner(s). One
clear necessity is the development of a consistent ontology
encapsulating these levels and interactions.

GeneQuiz annotation was an overprediction. This is in

agreement with the known biological fact tBghechocystis (i) Incorrect annotationlncorrect, but lexically valid, data-

sp. does not use lactose. A more general annotation (etgise descriptions naturally cause incorrect functional

sugar permease) is more appropriate and further computeansfers. The information can be incorrect due to plain an-

tional or experimental analysis would be needed to resolvetation errors (fortunately becoming less common for well-

which sugar is transported by this protein. annotated databases like SWISS-PROT), or to erroneous ex-

Again, the solution of this problem involves the analysis operimental evidence. An example of the second is the mouse

multiple homologues. It should be possible to derive the mobtain protein (SWISS-PROT:MY5B_MOUSE), originally

specific common function of all homologous sequences at atiyought to be a glutamate decarboxylase (Hueinal,

level of the hierarchy (i.e. protein subfamily). The desired art990), but later shown to be a myosin (Espreadtcal,

notation should then be that for the smallest subfamily cori:992) and corrected in the database.
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Future improvementsThe modular structure of GeneQuiz (iii) GQreasonFunctional analysisEven without applying
facilitates extension of the system by inclusion or replacdunctional analysis to pre-clustered database sequences,
ment of methods and the rules for their evaluation. Varioudere is scope for improvement in the present method of
improvements are possible or ongoing and these are denctional inference. On the one hand, functional analysis
scribed by GeneQuiz module, followed by suggestions fatan be applied separately to domains (i.e. subsequences) of
more fundamental changes to the overall architecture.  the query, and can explicitly use family and sub-family in-
formation to avoid under- and overpredictions of functional

. . specificity (Galperin and Koonin, 1998). On the other hand,
() GQsearchGQbrowsenclusion of external programs extension of the lexical analysis used for functional transfer

GQsearch, newer, more powerful database search meth? rocessing of additional sources of textual information,

can be included (e.g. more sophisticated searches by SCAUELE as database comment fields, has already been referred
family profile). In GQbrowse, other viewers for displayingto above (see GQreason section)’

family information [e.g. SequenceSpace (Casatrial, oo : ;
1995a); C.Dodge and C.Sander, in preparation] or 3D Stru&_leeWBe, the method of keyword analysis for functional

re [e.g. RASMOL (Sayle and Miner-White, 1995)], co assification can be extended to include wider sources of

; i 4 “information. In this case, results of the functional family
loured by residue conservation patterns and hyperlinked [@,qqification system have been compared with manual
multiple alignment views, can be incorporated.

classifications made by different authors [#dggenitalium
genome (Fraseet al, 1995)]. The degree of coverage
(i) GQupdate Scalability. The increasing number of whole (classified sequences) is lower in the automatic system due
genomes being sequenced, fuelling the already acceleratitaghe presence of many sequences with very detailed annota-
growth of the sequence databases, is likely to limit the utilitiions for which it is difficult to generalize. For the classified
of the kind of shotgun functional analysis presently used igequences, the system has reasonably high accuracy (Ta-
GeneQuiz for whole genomes; database search times wilameset al, 1996), but is obviously limited by the amount
lengthen as the sequence databases expand and, at the sdringormation supplied to the system. The possibility of di-
time, a growing backlog of newly sequenced ORFs pendirgct extraction of keywords from bibliography databases,
analysis will develop. such as MEDLINE, is currently being explored (Andrade
There are, however, many sequences that are almost siigd Valencia, 1998).

lar in sequence and undoubtedly identical in function in dif-,

ferent organisms so that the number of representative d&) General structural improvementadical changes to the

quence families is not expected to rise at the same rate. %i:hitecture of the GeneQuiz system may be envisaged. In the

proximately 56% of the proteins in the database are at le rrent version, the analysis of a related batch of sequences

90% similar to another protein in a full-length comparisor °™ & complete genome m_ake'zs no use of any genome-, cell-
(Holm and Sander, 1998). One solution, therefore, to tHy organism-level information: each sequence analyss IS
database scaling problem is to filter the databases for non_}g@lepender‘wt. However, f[he sequences are connected (i) physi-
dundancy at a level lower than that presently used in Gen%e-lIIy by adjacency relatlonghlp_s along one or more phromo-
Quiz (complete identity) to compensate further for the in2Omes (e.g. operon organization) and (ii) systematically by

creasing rate of database growth. Caveats to this approégﬁ'r cooperative participation in the same cellular and/or or-

concem protens hat ar very s n sequence, bt P =75, S (. Tecbole Pty o S
radically in function (e.g. thesandrap small GTP-binding y P P P 9

; N . . organism as a whole). The initial conclusions inferred in one
proteins are very similar, yet they have opposing actions If f analvsi db ised inth £ such rel
the cell, working as oncogene and anti-oncogene, respecti s ofanalysis couid be appraised in the context of such rela-

T ) . . L onships and then fed back into subsequent refinement cycles,
ly), or variations in the particular functional specificity of

R . b maybe modifying previous conclusions. Such a major shift in
proteins in @fferent_ organisms (_ergs proteins in human approach may be better achieved using techniques from
andS.cer¢V|5|ae1r_e involved n different pathways). knowledge engineering, such as rule-based or expert systems,

A more interesting alternative would be to cluster the dataz . o 1han by the crude procedural approach with simple con-
base sequences into families with pre-processed functio

annotation [e.g. as approached by Sonnhameteal. 101 flow used at present.

(1997)]. This would lead to a significant speed-up of a Gene-

Quiz-like system and increase in accuracy by shifting theonclusions

burden of consistent functional annotation to the database

generation stage, which could be accompanied by the prohe explosion in numbers of functionally uncharacterized
duction of family sequence profiles that would provide betteDRFs from genome sequencing projects has prompted the par-
sensitivity during searches. allel development of computational methods for genome se-
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guence functional analysis. In particular, the situation of a lalzhine generated) is a serious problem that affects new deduc-
oratory worker faced with the problem of analysing many newons. We foresee the development of systems, very similar to
sequences in a consistent, efficient and accurate manner ugimgse being developed in the large-scale sequence analysis do-
a complex variety of programs and databases (Borl, main, that will be routinely applied to the annotations already
1992a,b) has triggered the development of integrated systepresent in databases in order to identify and possibly even cor-
such as GeneQuiz (Schatfal, 1994; Casaet al, 1996). rect inconsistencies.

Integrated systems for sequence analysis that have been d&Vhether in large-scale functional analyses of genomes or in
veloped by various groups fall into two major categories. (ijlatabase conservation, automated systems of this kind have to
Workbench systems mostly provide for interactive analysdse seen not as a replacement of the human expert, but as an
performed in sequencing laboratories and offer a choice efde for suggesting high-quality, objective annotations with
analysis modules for a variety of tasks [e.g. Gnome (N#kai Some kind of trace of the reasoning process. Human experts
al., 1994); Imagene (Medigwe al, 1995); SEALS (Walker may then concentrate on more complicated analytical deci-
and Koonin, 1997); SEQSEE (Wishattal, 1994)]. These sions and strategies, while experimentalists will be better able
systems are flexible tools in the hands of a skilled user, bt recognize interesting cases beyond theoretical exposition
they do not explicitly address the question of function assig®n Which to devote limited resources (e.g. extended families
ment. (ii) Large-scale analysis systems are mostly used fofproteins of unknown function, missing metabolic steps, po-
off-line (or ‘batch’) analysis of complete genome sequencigntial drug targets, etc.). A synergism of theoretical and
data sets and for comprehensive comparative genome analygigctical techniques will control the flood of unknown pro-
[e.g. MAGPIE (Gaasterland and Sensen, 1996); PEDANteIns entering the sequence databases, replacing the present
(Frishman and Mewes, 1997)]. These systems mainly focl@gely piecemeal approach with a systematic exploration of
on the automatic extraction of likely functions for the quenyiew functional families.
sequences and, given enough CPU time and disk space, can
perform automatic updates for complete genomes. Public Server

GeneQuiz is predominantly a large-scale sequence analyag
system for function assignment. In late 1997, it became tqﬁ
flrs_t to_o_I of its type to offer ana|y5|s_ Services on the In'gerne(t?uiz server is via the URL http://www.sander.ebi.ac.uk/
to individual users who can submit for analysis protein s

. ) e yenequiz/, through which the user can browse collected ge-
quences (in §ma|| numbers) oflnterest.to them. M'n'ma”.V’.th me analyses and ancillary information concerning the
system applies about a dozen analysis methods to mdmd?l

. . ) . . (GeneQuiz project, or they may proceed directly to the se-
sequences, integrating the results into a consistent view Wi o~ submission form hitp:/Awww.sander.ebi.ac.uk/ggsrv/
links to external resources and culminating in an autom ' ' o Anal

allyhmit to have their own protein sequences analysed auto-

cally generated functional annotation, whenever possible. %atically. The GeneQuiz team may be contacted by e-mail
a safeguard against overinterpretation, the system prOV'desaﬁ'benequiz@ebi.ac.uk.

overall reliability value for the functional information, hiding
the complexities of heterogeneous scoring schemes usedpi
individual methods. The strategy behind GeneQuiz differs
from that in other systems using reasoning about sequentlanks to B.Rost for use of PHD, G.Vriend for WHATIF,
analysis information (Gaasterland and Sensen, 1996), in thEtzold for SRS and L.Holm for discussions. Previous par-
GeneQuiz makes a combination of heterogeneous sourcedi@ipants in the original GeneQuiz project are M.Scharf,
the reasoning procedure: both protein and nucleotide simildf-Bork, G.Casari and R.Schneider.
ity, and output from different sequence similarity methods
(currently, FASTA and BLASTP).

As has been shown in preceding sections, the exhaustﬁg ferences
and consistent application of a standard suite of methods t&\aola,E.E., Bernstein,F.C., Bryant,S.H., Koetzle,T.F. and Weng,J.
set of ORFs, using merged up-to-date translated nucleotide1987) Protein data bank. In Allen,Fétal (eds)Crystallographic
and protein sequence databases, yields significantly more reliPatabases Information Content, Software Systems, Scientific Ap-
able functional transfers than can be achieved by a Simp|e|pllcat|ons Data Commission International Union of Crystallo-
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